The effects of the growth conditions on the solid-liquid interface shape during the Czochralski growth of Cu crystals have been investigated. It is found that the interface shape is convex towards the melt in all cases, although the degree of the convexity of the interface varies with the growth conditions; the main results are as follows: (1) The degree of interface convexity increases with a decrease of the crystal radius. (2) The degree of interface convexity increases with an increase of the crucible rotation rate. (3) In a shoulder part of the crystal ingot, where its diameter increases, the degree of interface convexity is high, but it changes to a low value in the next part of the ingot where the diameter is constant. (4) The degree of interface convexity is almost independent of the growth rate. (5) A forced convection by Ar gas near the growing interface has little effect on the solid-liquid interface shape.
I. Introduction
Shapes of the solid-liquid interface have a large effect on the properties and the degree of perfection of single crystals grown from the melt")- (7) .
The existence of a curved interface 
where G is the axial temperature gradient at the center of the ingot near the interface and ruby(6), TeO2(7), Gd3Ga5O12(8) ). The experimental results so far obtained in the Czochralski crystal growth are as follows:
(1) The interface shape varies from convex to concave towards the melt with an increase of the pulling rate (4).
(2) There is a tendency for the interface to assume a concave shape near the start and a convex one near the end of the ingot, but in the middle part of the ingot where its diameter is nearly constant, the interface remains nearly flat (1) .
(3) The interface shape varies from concave towards the melt to flat with a decrease of the crystal radius(3)(7).
. (4) The interface shape varies from convex towards the melt to flat with an increase of the crystal rotation rate (5)(6) The work reported here deals with the solidliquid interface shape in relation to the growth condition and the degree of perfection of Cu crystals grown by the Czochralski method. The interface shapes have been examined with the quick pulling-up method which has been recently developed by the present author and co-worker (12) . The radial temperature difference has been determined with thermocouples grown into pulled Cu crystals. Some observations have also been made on dislocation structures in pulled Cu crystals using the etch-pit technique. The results obtained are shown in Fig. 2 , which shows that the shape of the solid-liquid interface varies with the growth condition in the following ways:
(1) When the constant diameter crystals were grown at 1mm/min with crucible rotation diameter crystals (Fig. 2(a) ).
(2) When the crystals 20mm in diameter an increase of the crucible rotation rate from 3 to 9 rpm ( Fig.  2(b) ). ingot was large while that in the constant diameter part was small and remained constant ( Fig. 2(c) ). (4) When the crystals 20mm in diameter were grown at pulling rates varying from 1 to 5mm/min with a crucible rotation rate 3 rpm, The growing interface was also examined V=1mm/min and R=10mm. (c) The crystal was initially grown with increasing the diameter from 5 to 20mm in the region L and held constant after-Photo. 1 Argon gas jet nozzle for cooling the crystal surface, which was made of copper tube of 5mm diameter. A denotes one of the holes from which the gas blow out.
with the crystals grown in a current of Ar blown near the growing front. The Ar gas nozzle was of a two-turn spiral type as shown in Photo. 1. Cu crystals 20mm in diameter were pulled through this nozzle in a current of Ar at growth rate 1mm/min with crucible rotation rate 3 rpm. The flow rates of Ar were values were nearly the same as those obtained in an enclosed atmosphere of Ar. This means that the heat flow in crystal growth is not so much altered by a forced convection of ambient gas near the growing interface. In order to verify this point, measurements of the temperature across a growth face were made. Figure 3 shows an experimental arrangement for the temperature determination used. Two thermocouples Pt-13% Rh.Pt 1.6mm in diamenter were sheathed by an Inconel tube and were inserted into holes of the center A and the periphery B 1mm inside the surface in the same horizontal plane of the seed crystal 20mm in diameter, respectively. To avoid contamination, thermocouples were used only a few times. The differential output from the thermcouples were continuously recorded during the crystal growth. The crystals were pulled at 0.7mm/min with crucible rotation rate 3 rpm under Ar flow of 2 and 8 e/min. forced convection of Ar gas near the interface. Finally, two Cu crystals 20 nun in diameter were pulled at 1mm/min in an enclosed atmosphere of Ar in order to examine the variation of crystal perfection with the interface shape. The crucible rotation rates were 3 rpm for Crystal I and 9 rpm for Crystal II found, respectively (see Fig.  2(b) (9) showed theoretically that the rise of the crucible temperature changed the interface from convex to concave towards the melt and the growth rate dependence of the interface shape was inverse to the crucible temperature dependence. Milvidskii(4) also showed experimentally that the interface shape varied from convex to concave towards the melt as the growth rate increased. However, the interface shape was almost independent of the growth rate for Cu in this experiment (see Fig. 2(d) ). On the other hand, the author has changes from convex to concave towards the melt with an increase in growth rate. From these results, it can be considered that the growth rate has an important effect on the interface shape for semiconductor crystals or ionic crystals with low thermal conductivity, but it is unimportant for metal crystals such as Cu with high thermal conductivity.
The dependency of the interface shape on the crystal radius for Cu crystals (see Fig.  2 (a)) agrees well with the experimental results for Ge crystals by Rosi (13) and for Gd3Ga5O12 crystals by Sakai et al. (8) The experimental studies of the effect of the crucible rotation on the interface shape have not been reported. However, Kobayashi and Arizumi(11) studied this problem for Gee crystals theoretically and postulated the following. As the crucible rotation rate increases, the downwards melt flow becomes strong, by which the temperature profile is altered in such a manner that the isotherms may be slightly displaced downward. Then, the degree of convexity of the interface may increase with an increase of the crucible rotation rate. The present results can be interpreted qualitatively by this concept.
Regarding the effect of the crystal length on the interface shape, Billig(1) reported for Si crystals that the shape varied from concave to convex towards the melt with an increase of the crystal length, but such a tendency was not observed in this experiment (see Fig. 2(c) ). The reason is not clear at present.
Finally, a rough estimate of the thermal stress will be made for Crystal I and Crystal II which were grown for examining the effect of the degree of the interface convexity on the crystal perfection using the method shown in E=11. 4 •~103 kg/mm2 into eq.
(1) yields the I and •`400 g/mm2 for the Crystal II, respec-
